Radio pulsars scintillate because their emission travels through the ionized interstellar medium along multiple paths, which interfere with each other. It has long been realized that, independent of their nature, the regions responsible for the scintillation could be used as 'interstellar lenses' to localize pulsar emission regions 1,2 . Most such lenses, however, resolve emission components only marginally, limiting results to statistical inferences and detections of small positional shifts 3-5 . As lenses situated close to their source offer better resolution, it should be easier to resolve emission regions of pulsars located in high-density environments such as supernova remnants 6 or binaries in which the pulsar's companion has an ionized outflow. Here we report observations of extreme plasma lensing in the 'black widow' pulsar, B1957+20, near the phase in its 9.2-hour orbit at which its emission is eclipsed by its companion's outflow 7-9 . During the lensing events, the observed radio flux is enhanced by factors of up to 70-80 at specific frequencies. The strongest events clearly resolve the emission regions: they affect the narrow main pulse and parts of the wider interpulse differently. We show that the events arise naturally from density fluctuations in the outer regions of the outflow, and we infer a resolution of our lenses that is comparable to the pulsar's radius, about 10 kilometres. Furthermore, the distinct frequency structures imparted by the lensing are reminiscent of what is observed for the repeating fast radio burst FRB 121102, providing observational support for the idea that this source is observed through, and thus at times strongly magnified by, plasma lenses 10 .
For many high-magnification events, the magnification is not uniform across the pulse profile. The bottom panel of Fig. 1 shows this strikingly: at 0.2 s, the main pulse is greatly magnified over five pulses, whereas the entire interpulse is barely affected. In addition, the components of the broad interpulse are often magnified differently from each other, as can be seen most readily in the magnified events in Fig. 3b , c. Thus, the events resolve the pulsar's various emission regions.
The most strongly magnified events occur within three specific time spans, each lasting for about 5 min, around orbital phase φ = 0.20, φ = 0.30 and φ = 0.32 (see Fig. 1 ); here, φ = 0.25 corresponds to superior conjunction of the pulsar in its 9.2-h orbit 7 , and the duration of the eclipses at 350 MHz is about 40 to 60 min (refs. [7] [8] [9] ), or ∆φ ≈ 0.1 (a sketch of the system geometry is shown in Extended Data Fig. 1 ). In each time span, we observe only small overall frequency-dependent time delays, of the order of 10 μs, which indicate modest increases in electron column density, with dispersion measures of the order of 10 −4 pc cm −3 (see Fig. 1 as well as Extended Data Fig. 2 ). Intriguingly, at times when the delays are longer and the dispersion measures thus higher-immediately before and after eclipse, and in between the two post-eclipse periods of strong lensing, at φ ≈ 0.31-the magnifications are less marked, only up to a factor of a few, and correlated over much longer timescales, of the order of 100 ms. After the main lensing periods, up to φ ≈ 0.36, flux variations remain correlated, suggesting that even weaker events are still present (examples of lensing in the aforementioned regions are shown in Extended Data Fig. 3 ).
To determine whether the magnification events could be due to lensing by inhomogeneities in the companion's outflow, we first measured the excess delay due to dispersion at a time resolution of 2 s, the shortest at which we can measure it reliably (see Methods). We find that during the periods of strong magnification events, the delay fluctuates by about 1 μs on this timescale. Assuming that the relative velocity between the pulsar and the companion's outflow is roughly the orbital velocity, 360 km s −1 (ref. 13 ), the 2-s timescale corresponds to a spatial scale ∆x ≈ 720 km. For this scale, the expected geometric delay is ∆x 2 /2ac ≈ 0.5 μs (where a = 6.4 light-seconds is the orbital separation and c the speed of light). As this is comparable to the observed dispersive delays, lensing is expected.
To model the magnified pulses, we treat the signal using a standard wave-optics formalism. The electric field received by an observer is the sum of the electric field of the source across the lens plane, with the phase at every point determined by both geometric and dispersive delays. When a large area on the plane has (nearly) stationary phase, the electric field combines coherently, leading to a strongly magnified image, with the magnification μ proportional to the area squared. Because dispersive and geometric delays scale differently with frequency ν, a plasma lens cannot be in focus over all frequencies, but will impart a characteristic frequency width. This width will be smaller for larger magnification, with the precise scaling depending on the extent to which the lens is elliptic: Δν/ν ~ 1/μ for a very elongated, effectively linear lens, and ν ν μ Δ /~/ 1 for a (roughly) circular one. In strong lensing, one generically expects multiple images to contribute, and thus Letter reSeArCH caustics to form, which can lead to a slope in time-frequency space, double-peaked spectra and other interference effects (see Methods). All of these are consistent with the behaviour seen in the measured spectra of the magnified pulses in Fig. 2 .
For any lens, different pulse components will be magnified differently if they arise from regions that have projected separations larger than the lens's resolution. We can make a quantitative estimate of the lens resolution by using the magnifications of the events. Continuing to assume the lens is roughly co-located with the companion, that is, at the orbital separation a, the resolution of the lens for given magnification would be ≈ 1.9R 1 /μ 1/2 for a linear lens, or ≈ 1.9R 1 /μ 1/4 for a circular one, where λ ≡ /π R a 1 , or 23 km at our observing wavelength λ ν = / ≈ c 90 cm (see Methods for a derivation). A peak magnification of, for instance, μ = 50 then corresponds to a physical resolution of about 6 km for a linear lens or about 17 km for a circular one.
The inferred resolution is comparable to the radius (approximately 10 km) of the neutron star, and substantially smaller than the lightcylinder radius, R LC ≡ cP/2π = 76 km, where the velocity of corotating magnetic fields approaches the speed of light, bounding the magnetosphere in which pulsar emission is thought to originate 14 . Thus, the lensing offers the opportunity to map the emission geometry.
Qualitatively, because the main pulse and interpulse, as well as parts of the wide interpulse beam, are sometimes magnified very differently, the inferred resolution is a lower limit both to the projected separation between the main pulse and the interpulse, and to the size of the interpulse. Perhaps not unexpectedly, the spatial separations do not seem to map directly to rotational phase: we see similar differences between the main pulse and the interpulse, which are separated by half a rotation, and between parts of the interpulse, which are separated by only about 0.1 rotation. This may indicate that the interpulse consists of multiple components, which are not located close together in space.
Combining the lens resolution with the timescale of the lensing events allows us to constrain the projected relative velocity between the lens and the pulsar. A priori, one might expect the outflow velocity to be slow, in which case the relative velocity would just be the orbital motion of about 360 km s −1 . Given that strong magnification events typically last about 10 ms, this would then imply a resolution of approximately c, d, Enlargements in which each time bin corresponds to an individual 1.6-ms pulse. One sees extreme chromatic lensing in which pulses are magnified by an order of magnitude over tens of milliseconds; the brightest event is magnified by a factor of about 40 across our highestfrequency sub-band. In some events, the main pulse and interpulse are clearly affected differently, indicating that different emission regions corresponding to these are resolved by the lensing structures. e, f, Enlargements for a quiescent period for comparison. Letter reSeArCH 4 km, not dissimilar from what we find above, thus suggesting that the assumption of a slow outflow velocity is reasonable. By combining different constraints between the duration and frequency widths of lensing events, we can set a quantitative limit to the relative velocity (see Methods for a derivation), of
where for the numerical value we use the fact that the tightest constraints come from the shortest, least chromatic events, which have frequency widths ν ν Δ / ≈ . ( ) 0 1 HWHM , and durations Δ ≈ t 10ms HWHM (measured as half-width at half-maximum, HWHM; see Fig. 2 ). This approximate limit equals the relative orbital velocity, which implies that the outflow velocity can be (but does not have to be) small in the rest frame of the companion. Our results offer many avenues of further research. Ideally, one would use the lensing to map the pulsar magnetosphere. This requires better constraints on the lenses, for example from observations over several eclipses at a range of frequencies. Further observations may also shed light on the eclipse mechanism. For example, if it is cyclo-synchrotron absorption, large magnetic fields, of about 20 G, are required 15 , which would impart measurable polarization dependence of the lensing events. Furthermore, combining density and velocity into Letter reSeArCH a mass-loss rate of the outflow, one can infer the lifetime, and thus the final fate, of these systems. Finally, our observations establish that radio pulses can be strongly amplified by lensing in local ionized material. This adds support for the proposal that fast radio bursts (FRBs) can be lensed by host galaxy plasma, leading to variable magnification, narrow frequency structures and clustered arrival times of highly amplified (and thus observable) events 10 . Evidence for high-density environments includes that FRB 110523 is scattered within its host galaxy 16 , and that FRB 121102 has been localized to a star-forming region 17, 18 , in an extreme and dynamic magneto-ionic environment 19 . Indeed, the latter's repeating bursts have spectra [20] [21] [22] remarkably similar to those shown in Fig. 2 (for example, compare with Fig. 2 of ref. 20 ), and, like those bursts, the brightest pulses in PSR B1957+20 are highly clustered in time.
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MEthods
Calculating magnifications. The data were taken in four 2.4-h sessions on 2014 June 13-16 and were recorded as part of a European VLBI network programme (GP 052). The data span 311. 25-359.25 MHz, in three contiguous 16-MHz subbands, and we read, de-dispersed (with a dispersion measure of 29.1162 pc cm −3 ) and reduced the data as described in ref. 11 . As one extra step, we accounted for the wander in orbital period of PSR B1957+20 by adjusting the time of ascending node in the ephemeris, such that it minimized the scatter of the arrival times of giant pulses associated with the main pulse across all four days of observation.
We define the magnification of a pulse as the ratio of its flux to the mean flux in a quiescent region far from eclipse. Specifically, we construct an intensity profile of each pulse using 128 phase gates, subtract the mean off-pulse flux in each 16-MHz sub-band separately, measure the flux in an eight-gate (approximately 100 μs) window around the peak location (which we find from folded profiles, averaged in 2-s bins to obtain sufficient signal-to-noise), and divide by the average flux in the same pulse window measured in a 9-min section far from eclipse.
To construct the spectra of lensing events, we start by binning power spectra in 3-MHz bins. We correct these approximately for the bandpass and the effects of interstellar scintillation (which still has a small amount of power on 3-MHz scales) by dividing them by the average spectra in the 15 s before and after (excluding the lensing event itself). This time span is chosen to be safely less than the timescale of about 84 s on which the interstellar scintillation pattern varies 11 , ensuring the dynamic spectrum is stable on these scales. With 30 s of data, it is also very well measured: each 3-MHz channel has signal-to-noise ratio S/N ≈ 150. Evidence that strong plasma lensing must occur. To obtain the properties of the lensed images, and in particular to determine whether we are in the 'strong' or 'weak' lensing regime-that is, whether or not multiple images are formed-we use the basic principles of wave optics, considering path integrals of the electric field over a thin lens 23 . In our case, the phase of an electromagnetic wave going through different paths has contributions from both geometric and dispersive time delays,
GM DM where x and y are in the lens plane. For a geometrically thin lens, that is, with thickness along the line of sight much smaller than the separation a, the geometric contribution to the phase can be written as where R Fr is the Fresnel scale,
Fr with λ the wavelength of the radiation. For the numerical value, we used λ = c/ν = 90 cm (where ν is the observing frequency) and assumed that the lensing material was associated with the companion and thus at the orbital separation of a ≈ 6.4 light-seconds. (Note that as we are using wavelengths and frequencies of full cycles, our phases are in cycles too, not radians.)
The dispersive contribution arises from the signal propagating through the lens's extra dispersion measure (electron column density) ∫ Δ = n z DM d e (with n e the electron number density),
DM DM where k DM = e 2 /2πm e c = 4,148.808 s pc −1 cm 3 MHz 2 (ref. 24 ). The minus sign arises because in a plasma the phase velocity is greater than the speed of light. Integrating over different paths, one effectively select regions where the electric fields are coherent; these lead to the final images. For instance, if the extra electrons are distributed uniformly (in the x-y plane after the z integral), then φ DM is approximately constant and the total phase has a stationary point around x = y = 0, that is, around the line of sight. Furthermore, all paths that are less than the Fresnel scale away from this central path have similar phase, and thus one recovers the general result that the area of the lens that contributes scales with R Fr 2 . For the lensing to be strong, a minimum requirement is that changes in the geometric and dispersive phase are of similar magnitude. Because dispersion also leads to overall time delays, differences in pulse arrival time give a measure of inhomogeneities in the lensing material. We measure pulse arrival times using the usual procedure of fitting pulse profiles to a high signal-to-noise template (from a quiescent period). We fit profiles in the three bands separately and convert the weighted average to ΔDM using standard equations. We find that the inferred ΔDM shows both the expected large-scale variations 7 and considerable variability down to the shortest timescales (2 s) at which we can measure it reliably (see Extended Data Fig. 2 ). During the periods in which the strongly magni-fied events occur, we find intrinsic variability corresponding to variations in delay of ∆t DM ≈ 1 μs, which suggests that the inhomogeneities correspond to differences in the dispersion phase of Δφ DM = νΔt DM ≈ 300 cycles at 2-s timescales.
To compare this to the geometric phase, we need to translate the timescale of 2 s to a length scale. Assuming the relative motion between the pulsar and the lensing material is dominated by the orbital motion, of 360 km s −1 , the spatial scale is 720 km. Using equation (3), this corresponds to Δφ GM (720 km) ≈ 200 cycles.
The fact that Δφ DM is comparable to and slightly larger than Δφ GM at the distance scale of 720 km guarantees that somewhere around this scale, slopes in φ DM and φ GM will sometimes cancel. It also implies that multiple stationary points with ∇φ = 0 are likely. Because the phases result from a continuous function of x, y and ν, the stationary points must emerge or annihilate in pairs, leading to so-called caustics, where one has not just ∇φ = 0 but also det(∂ i ∂ j φ) = 0 (ref. 25 ).
Given the above, strong lensing is a natural cause of the strongly magnified events that we observe. A perfect lens model. To calculate properties of the lensed images, we would need to perform the path integral. This is not possible, as it requires the value of φ DM of the full two-dimensional lens plane at a resolution better than the Fresnel scale, whereas our time-delay measurements are limited to the one-dimensional trajectory of the pulsar, and to an order of magnitude larger scales.
Hence, for our analysis we use a simplified model, amenable to wave-optics analysis, in which each strong lensing event is associated with an elliptical perfect lens, that is, there is a single focal point to which all paths within the lens contribute perfectly coherently, and all paths outside the lens do not contribute at all. As shown in Extended Data Fig. 4 , our model is parametrized by the location of the focal point relative to the centre of the lens, (X, Y), the semi-major and semiminor axes of the lens, (Δx lens , Δy lens ) and the orientation relative to the projected pulsar trajectory.
In the special case of a centred circular lens with radius R, that is, Δx lens = Δy lens = R and X = Y = 0, the set-up would produce an Airy disk. By comparing this to the actual path-integral of an unlensed image (that is, with φ DM = 0), we can identify the unlensed case with a circular lens with radius π ≡ / R R 1 F r . Integrating the electric field over an elliptical lens, the magnification (defined as the increase in intensity μ = I/〈I〉, where I = E 2 ), will be proportional to the area squared: Before continuing, we note that at first glance it might seem puzzling for the magnification to be proportional to image area squared, as that seems to violate energy (flux) conservation. However, the image is also more highly beamed; what we calculated is the magnification in the centre of the beam. Viewed from an angle, a linear phase term is induced across the originally coherent region. Thus, when the region is larger, it is easier to become incoherent. The solid angle scales as Ω Δ ∝Δ Δ − − x y lens 1 lens 1 , and thus total energy (flux) is indeed proportional to the area of the lens. Differential magnification and chromaticity. We now proceed to derive the physical resolution of the lens. The above magnification is reached only when the source is exactly at the focal point. When the emission region is some distance away from the focal point, paths from it to different parts of elliptical region will have extra phase differences. For instance, when a source is separated from the focal point in the x direction by x source ≡ (X − x s ) (where x s is measured relative to the centre of the lens), there is a phase difference across the lens of Hence, total cancellation occurs on an elliptical beam with semi-minor and semi-major axes x res and y res that scale inversely to the semi-major and semiminor axes of the lens.
We can write the above in terms of the magnification for a specific lens model. We will consider two extremes, the first a very anisotropic lens, effectively onedimensional, for which Δy lens = R 1 . For this case, μ ≈ . / x R 1 9 (10) res 1 1 2 In the opposite direction, we consider a circular lens, with Δx lens = Δy lens . For this case,
res res 1 1 4 Here, dividing by the distance a and writing in terms of diameter D = 2Δx lens , one recovers the usual relation for the angular resolution of a circular lens, 1.22λ/D.
A similar result can be derived in frequency space. Given the different frequency dependencies of the geometric and dispersive phases, a lens cannot be fully in focus across all frequencies, but will have some characteristic frequency width. To show this, we first assume that the focal point is co-located with the centre of the elliptical lens, that is, (X, Y) = (0,0), and that perfect coherence occurs at some frequency ν c , that is, that at ν c one has
The total phase at a nearby frequency is then given by the dominant term of which is linear in Δν. If this term is of order 1 within the elliptical region, the image will no longer be magnified. Perfect cancellation does not happen in this case, but one can define characteristic width. Using half-width at half-maximum, one finds When the focal point is not in the centre of the elliptical region, there will be linear terms proportional to XΔν and YΔν that also contribute to the phase. They make the dependence on Δν even steeper, which means that equation (14) is an upper bound on the frequency width of magnified images.
It is possible for the frequency and position shifts to cancel each other, so that after moving the source by some distance, it is still strongly magnified at a nearby frequency. That leads to a slope of strongest magnification in time-frequency space. Following a derivation similar to that outlined above for the behaviour with frequency and position separately, we find that the slope is related only to the offset of the source from the focal point. For instance, for the case that the source is travelling along the semi-major axis of the lens, that is, along a trajectory (x s , y s ) = (x s (t), 0), we find
s c s Finally, it is possible that the pulsar is close to the focus of more than one lens at the same time. As the pulsar moves, these multiple focal points lead to multiple images which change intensity and interfere with each other. This can lead to a wide variety of spectral behaviour, and might well be responsible for the multi-peaked structures seen in some panels of Fig. 2 . A lower bound on the relative velocity. Within the perfect lens approximation, one can derive a lower bound on the relative, transverse velocity between the lens and the pulsar from the durations and frequency widths of the lensing events.
The duration of strongly magnified events is predicted to be where the inequality corresponds to making the most conservative estimate that the lens is effectively one-dimensional, extended in the x direction, and that the full velocity v is directed along it.
In the frequency space, the same event will have its width bounded from above by equation (14): Combining the two limits to eliminate Δx lens /R 1 , we find: Lensing consistency checks. Our analysis in terms of lensing was motivated by the facts that the bright pulses before and after eclipse do not look like giant pulses, that they occur at specific orbital phases where dispersion measure fluctuations are large, and that, in most events, the entire profile increases in flux (although not always by the same factor across the profile), with the enhancements lasting for several pulses. Consistent with the expectations of plasma lensing, in which lenses focus light but arrive with associated 'shadows' where light is scattered away from our direct line of sight, we find that in regions with many strongly lensed pulses, the average flux received is unchanged (see Extended Data Fig. 3 ). Also consistent with plasma lensing is that the strongly magnified pulses are highly chromatic, often peaking at high or low frequencies, and sometimes showing slopes in frequency time space or interference patterns characteristic of caustics.
Finally, as a concrete example, the peak magnifications of μ ≈ 70 are comparable to the magnifications expected for plasma lensing. The measured dispersive time delay changes provide direct evidence that the geometric and dispersive phases φ GM and φ DM can cancel over distances of about 720 km. The cancellation is likely to happen mostly in one spatial direction; setting Δx lens = 720 km and Δy lens = R 1 , our perfect lens model predicts a magnification of the order of 100, comparable to the observed value. Data availability. The data underlying the figures are available in text files at https://github.com/ramain/B1957LensingData Code availability. The raw data were read using the baseband package: https:// github.com/mhvk/baseband
